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In bacteria, two major pathways exist to secrete proteins across the cytoplasmic membrane. The general Secretion route, termed Sec-pathway,
catalyzes the transmembrane translocation of proteins in their unfolded conformation, whereupon they fold into their native structure at the trans-
side of the membrane. The Twin-arginine translocation pathway, termed Tat-pathway, catalyses the translocation of secretory proteins in their
folded state. Although the targeting signals that direct secretory proteins to these pathways show a high degree of similarity, the translocation
mechanisms and translocases involved are vastly different.
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The cytoplasm of a cell is separated from the external
environment by a phospholipid bilayer membrane. This mem-
brane is a barrier for ions and allows for a unique ionic com-
position of the cytosol as well as for energy-consuming pro-
cesses that are triggered by the ionic gradients at the membrane.
It also precludes the uncontrolled passage of proteins and other
macromolecules that are synthesized in the cytosol but that fulfill
their metabolic or structural functions on the outside of the cell.
To allow passage of secretory proteins across the cytoplasmic
membrane without compromising its structure and function,
various transport mechanisms have evolved. In bacteria, secre-
tory proteins cross the cytoplasmic membrane either via the
general secretion pathway (Sec-pathway) [1–3] or the twin
arginine translocation (Tat-pathway) [4]. These pathways are
present in all domains of life, i.e., bacteria, archaea, and eukarya.
In eukarya, the Sec-pathway is found in the endoplasmic reticu-
lum (ER) and functions in the secretion of proteins and insertion
of membrane proteins that are further directed to their final des-
tinations via the vesicle sorting route [5]. Both the Tat-pathway
and Sec-pathway are found in the thylakoid membrane of plant
plastids. In addition, more dedicated protein secretion systems
are found in prokaryotes, termed type I–V protein secretion
systems [6–10]. These systems are mostly responsible for the
translocation and secretion of proteins across the outer mem-
brane of Gram-negative bacteria (then sometimes employing the
Sec or Tat machinery for the transport across the cytoplasmic
membrane), for the export or import of other macromolecules
such as DNA and polysaccharides and for the assembly of cell
appendages such as pili and flagella [11].
The Sec system is involved in both the secretion of unfolded
proteins across the cytoplasmic membrane and the insertion of
membrane proteins into the cytoplasmic membrane. The Tat
system hasmostly been implicated in the secretion of folded and/
or cofactor containing proteins. Although the Tat and Sec
systems translocate proteins by fundamentally different mechan-
isms, several common elements can be recognized. Here, wewill
compare the Sec- and the Tat-pathway, highlight their structural
and functional characteristics and discuss their translocation
mechanism.
2. Historical overview
In the early 1970s, it was well appreciated that bacteria
secrete proteins into the extracellular environment and as build-
ing block of their cell envelope. However, a understanding of
this process became only possible through the sophisticatedgenetic studies of protein export in Escherichia coli that led to
the identification and the selection of mutants of the proteins that
facilitate export [12,13], collectively termed Sec (Secretion)
components. This work was paralleled by biochemical studies of
in vitro translocation reactions [14–17] and by a combination of
genetic and biochemical studies, the translocase system could be
dissected to yield a reconstituted system based on pure
translocase components [18–21]. Further biochemical analysis,
facilitated by the availability of an extensive array of mutants,
have led to the elucidation of the enzymology of protein trans-
location [1,3,22]. Those studies established that the Sec-trans-
locase catalyzes the export of newly synthesized proteins with an
N-terminal signal sequence in their unfolded state through the
combined action of an ATP-dependent motor protein SecA and a
membrane embedded protein conducting channel SecYEG.
Moreover, the Sec-translocase was also found to catalyze the
membrane insertion of most cytoplasmic membrane proteins
[23], which will not be further discussed in this review that
focuses on protein export. In recent years, detailed insights in
structure–function relationships could be obtained by the
availability of three-dimensional structures of the major com-
ponents of the translocase [24–30] and lower resolution cryo-
electronmicroscopical (EM) investigations of the ribosome-
SecYEG channel complex [31–33].
Since the late 1980s, it became clear that the Sec system is not
the only translocase of the cytoplasmic membrane. First evi-
dences for a transport system for folded proteins were provided
by studies on hydrogenases that revealed that only one of two
transported subunits contains a signal sequence, but both sub-
units are required for translocation [34,35]. These data already
suggested that both subunits are translocated as a heterodimer
and therefore translocated as a folded protein. It was soon
realized that the signal sequences of the transported hydro-
genases contain a motif bearing two conserved arginine residues
[36] and later on it was found that many cofactor-containing
bacterial proteins carried this motif in their signal sequence. It
was proposed for the first time that proteins with such signal
sequences are transported by a novel general translocation
mechanism probably related to a transport system described in
plant thylakoids [37]. At this time, biochemical studies on pro-
tein translocation into plant thylakoid membranes were already
in a more advanced state. Here, a Sec independent translocation
pathway had been discovered in the early 1990s making use of
in vitro studies [38,39]. The signal sequences of protein substrates
of this new pathway contained two important arginine residues,
the “twin-arginines” [40]. In vitro data showed that no soluble
factor was required for this novel translocation system and it
appeared that only a ΔpH was necessary to trigger the protein
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this translocation apparatus identified for the thylakoid system
indicated a homology to bacterial proteins [43]. One year later, the
components were identified inE. coli and termed initially Mtt, for
“membrane targeting and translocation” [44], and later on Tat, for
“twin-arginine translocation” [45].
3. Sec and tat systems, basic principles
3.1. Sec system translocates unfolded proteins across the
cytoplasmic membrane
Most components of the E. coli Sec system were originally
identified by genetic studies, where conditional lethal mutants
showed pleotropic secretion defects [13]. Basically, the system
consists of protein targeting components, a motor protein and a
membrane integrated protein conducting channel [1]. The Sec-
translocase is present in the cytoplasmic membrane of all
bacteria, archaea, the thylakoid membrane of plant chloroplasts
and the ER of eukaryotes and essential for the cell viability. In
bacteria, it is responsible for the secretion of most extracellular
proteins that fulfill diverse functions in metabolism, substrate
uptake and excretion, cell envelope structure, sensing and cell
communication [46,47].
Secretory proteins can be targeted to the Sec translocase by
two different mechanisms, i.e., the co-translational and the post-
translational targeting. In the latter, the signal sequence (dis-
cussed in the next section) containing secretory protein is re-
leased from the ribosome in its synthesis completed state and
directed to the Sec-translocase. In various Gram-negative bac-
teria, secretory proteins are guided to the Sec-translocase by the
secretion specific chaperone SecB that maintains these proteins
in a translocation-competent, unfolded state [48]. During co-
translational targeting, the signal recognition particle (SRP)Fig. 1. Schematic overview of the Escherichia coli Sec- and Tat translocases. (a) C
unfolded proteins by the Sec-translocase. (c) Translocation of folded precursor protebinds to the signal sequence of the secretory protein while it
emerges from the ribosome [23] and the entire ternary complex
of SRP/ribosome/nascent secretory protein chain is targeted to
the Sec-translocase. With the aid of signal recognition particle
receptor (SR or FtsY), the ribosome/nascent secretory protein
chain are transferred from SRP to the Sec-translocase. In bac-
teria, this latter pathway is generally used for the integration of
integral membrane proteins into the cytoplasmic membrane,
while only few secretory proteins are translocated by this route.
In contrast, in the ER, almost all secretory proteins are targeted
co-translationally [3]. Here we will mainly discuss the post-
translational pathway of bacteria.
The bacterial Sec translocase is composed of a membrane
embedded protein conducting channel (PCC) that consists of
three integral membrane proteins, SecY, SecE and SecG, and a
peripheral associated ATPase, SecA, that functions as a mole-
cular motor to drive the translocation of secretory proteins across
the membrane [1,3,22] (Fig. 1). The channel subunits SecY and
SecE, and the motor SecA are essential components of the Sec-
translocase and highly conserved throughout the bacterial do-
main. SecA associates peripherally to the PCC, where it accepts
secretory proteins from chaperones such as SecB (Fig. 1b) or
from the ribosome (Fig. 1a), to thread the unfolded proteins
through a narrow transmembrane channel formed by the PCC.
ATP and the proton-motive force (PMF) provide the energy
needed for this process.
3.2. Tat systems serve to transport folded proteins across
biological membranes
Functional twin-arginine translocation (Tat) systems occur in
cytoplasmic membranes of many bacteria and archaea, as well as
in thylakoidmembranes of plant plastids [49]. There is also some
genomic evidence for Tat systems in plant mitochondria [50,51].o-translational and (b) post-translational targeting routes and translocation of
ins by the Tat translocase.
Fig. 2. Schematic comparison of typical N-terminal signal sequences from
substrates of the Tat and Sec systems bearing the polar n-regions with a positive
net charge, the uncharged hydrophobic h-regions and short polar c-regions
which determine a type I signal peptidase cleavage site (typically AxA).
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subunits, i.e. TatA and TatC or TatA, TatB and TatC, that toge-
ther form a receptor and a protein conducting machinery for Tat
substrates (Fig. 1c). The energy for translocation is provided by
the PMF. Tat systems translocate folded proteins across biolo-
gical membranes [52] and therefore it is believed that its phy-
siological role is to extend the set of translocatable substrates to
those that fold prior to translocation. This is the fundamental
functional difference to the Sec system, which only translocates
largely unfolded proteins [22]. It has been proposed that the Tat
system is used only in cases where cytoplasmic folding excludes
the use of the Sec system [53].
Many Tat substrates assemble cofactors prior to translocation
[4]. By allowing the translocation of cofactor-containing oxido-
reductases, the presence of the Tat system is necessary for a
multitude of redox pathways, as for the anaerobic respirations
with trimethylamine N-oxide, dimethyl sulfoxide [44], arsenate
[54], or chlorinated unsaturated compounds [55,56]. The Tat
system is also indispensable for the global nitrogen cycle, as
nitrous oxide reduction depends on the Tat system [57]. Any
aerobic respiratory or photosynthetic pathway which involves
the cytochrome bc1 complex (in plastids the b6f complex) relies
on the Tat system, because the Rieske subunit of this complex is
a cofactor-containing Tat substrate [58–60].
There are also Tat substrates which lack cofactors [4].
Interestingly, the Tat dependent the amidase AmiC has been
shown to be functionally transported when fused to a Sec signal
sequence [61]. In the cases of the copper-containing nitrite
reductases, highly identical orthologs are transported by either
the Tat or the Sec pathway, depending on the organism [62,63]. It
is also unclear why a recently discovered heme-containing Tat
substrate is not translocated by the Sec system, as other known
heme-containing periplasmic proteins are Sec substrates that
assemble their cofactor after translocation [64]. Clearly, cofactor
assembly is not the only reason for Tat dependent transport.
Among Tat substrates from the thylakoid system, a cofactor
assembly, as demonstrated for the Rieske protein, is rather an
exception than the rule [58]. Also the set of Tat substrates of
prokaryotes such as Rhodobacter capsulatus, Streptomyces
coelicolor or halophilic archaea includes a high proportion of
cofactor-free proteins [53,65,66]. There may be specific folding-
related reasons for a preference for the Tat system in these cases.
Any induction of folding events which must take place or which
cannot be prevented may render the protein incompatible with
the Sec system. However, if cytoplasmic folding is not required
for a Tat substrate, the question arises why such proteins are not
translocated in a co-translational mode via the SRP pathway
[67].
4. Targeting signals, the signal sequence
4.1. Sec-signal sequences
The signal sequence (signal peptide) is an amino-terminal
extension of the secretory protein that is necessary for a correct
targeting to the translocation pathway. The function and struc-
ture of the signal peptide are conserved in all domains of life andtypically have an average length of 20 amino acid residues with
a tripartite structure, i.e., a positively charged amino-terminal
(n-region), a hydrophobic core (h-region) and a polar carboxyl-
terminal (c-region) region (Fig. 2). N-terminal signal sequences
in proteins deposited in databanks can be well predicted by
SignalP [68], a program that is based on a hidden Markov
model, but it is often difficult to make a distinction by prediction
alone between a cleavable signal sequence and a non-cleavage
N-terminal transmembrane domain (TMD). The c-region is
needed for recognition by the type I signal peptidase (or leader
peptidase), a membrane bound enzyme that cleaves the signal
sequence from the mature secretory protein domain during or
shortly after translocation [69]. Positions −1 and −3 with re-
spect to the signal peptidase cleavage site are occupied by non-
bulky polar amino acids and are recognized by the binding
pocket of signal peptidase. Some secretory proteins contain a
lipoprotein box L[AS][GA]C at the −3 to +1 position. The
cysteine at the +1 position is lipid modified following trans-
location, whereupon signal sequence cleavage occurs by a type
II lipoprotein signal peptidase. The lipid modified mature do-
main then remains membrane surface associated through the
lipid anchor or is further sorted to the outer membrane. Except
for the aforementioned signal peptidase cleavage motifs, Sec
signal sequences do not contain any other conserved amino acid
sequence motif. Their overall tripartite structure is recognized
by the Sec components. The h-region typically consists of
hydrophobic amino acids with a high propensity to form an α-
helix, whereas the charged n-region has been implicated in
electrostatic interactions with membrane phospholipids. Both
the h- and n-regions are critical structural elements recognized
by SRP [70,71] and the motor protein SecA [72]. The binding
affinity of SRP for signal sequences increases with the hydro-
phobicity of the h-region, whereas the SecA interaction in-
creases with the number of positive charges in the n-region. The
bacterial Sec-signal sequences are functionally interchangeable
with the signal sequences that direct proteins to the Sec systems
of the thylakoid membrane and the ER [1].
4.2. Tat-signal sequences
Tat substrates possess N-terminal signal sequences that re-
semble the overall organization of the Sec signal sequences,
since they also possess a positively charged n-region, a hydro-
phobic h-region and – in case of cleavable signal sequences – by
a short polar c-region with the type I signal peptidase cleavage
site (Fig. 2). Importantly, Tat signal sequences are recognized by
a conserved pattern of amino acids which includes two almost
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interface of the n- and h-regions. In bacteria, this motif has been
originally described as S/T-R-R-x-F-L-K [37]. Today, the larger
amount of known bacterial Tat substrate sequences suggests a
simpler twin-arginine motif pattern, Z-R-R-x-Φ-Φ, where Z
stands for any polar residue and Φ for hydrophobic residues.
This motif would also fit to most thylakoidal Tat substrates [52],
where the twin-arginine sequence has already been earlier
recognized to play an important role [40], as only rare cases
show some deviation [73]. Tat signal sequences from bacterial
systems are interchangeable with signals from thylakoid systems
[74,75]. Tat signal sequences are in average longer than Sec-
signals, which is mainly due to often occurring larger n-regions.
In prokaryotes, the two neighboring arginines are found 2-30
residues behind the N-terminus. The h-region of Tat signals is a
stretch of 13–20 uncharged residues which is in average slightly
longer and less hydrophobic than h-regions of Sec-substrates.
The c-region often contains a positively charged amino acid
residue, which was reported to function as a “Sec-avoidance
signal” [76]. The twin-arginines are strongly conserved, but
natural exceptions are known, in which the first arginine is
substituted by a lysine [58,77]. Studies with artificial Tat subs-
trates indicate that the efficiency of transport is markedly de-
creased by mutations of the twin-arginines [78]. The above
described Tat signal characteristics have been employed for the
development of Tat signal sequence recognition programs
[53,79].
5. Posttranslational targeting mechanisms
A common aspect of the Sec and Tat systems is that they
both mediate the post-translational translocation of secretory
proteins. However, the mechanisms of targeting and the role
of the components involved in these processes are vastly
different.
5.1. SecB mediated targeting of secretory proteins
In some Gram-negative bacteria, post-translational targeting
of secretory proteins to the Sec system involves the secretion
specific chaperone SecB [80] (Figs. 1b and 3a). SecB can
partially compensate for the loss of functionality in E. coli
strains deficient in general chaperones, and it has been suggested
that SecB can also act as a general chaperone [81]. On the other
hand, general chaperones as GroEL and/or DnaK can compen-
sate for the loss of the SecB function [82,83]. It is therefore
tempting to suggest that in bacteria that lack a SecB homolog,
general chaperones fulfill a function in post-translational
targeting and translocation although this has experimentally
not been demonstrated. SecB binds to the polypeptide domains
of long nascent secretory proteins while they emerge from the
ribosome exit tunnel and stabilizes them in an unfolded
conformation [84]. SecB is a homotetramer that is organized
as a dimer of dimers with a subunit molecular mass of∼69 kDa.
One SecB monomer can be subdivided into two structural
regions, an N-terminal and a C-terminal region [24,85] (Fig.
3A). The N-terminal region folds into a four-stranded anti-parallelβ-sheet and the carboxyl-terminal region forms two anti-
parallel α-helices that run diagonally underneath the β-sheet
formed by the amino-terminus [24]. Upon dimer formation, the
β-sheets align to a flat eight-stranded β-sheet on one side of the
molecule with their α-helices on the opposite side. A sandwich
of two eight strandedβ-sheet dimers with theirα-helices trapped
in between results in the functional SecB tetramer. SecB does not
interact with the signal peptide region of secretory proteins [86],
but binds to multiple regions of the mature domain. In particular,
peptide regions that are nine amino acids long and enriched in
aromatic and basic residues appear as preferred binding partners
[87] for the ∼70 Å long peptide-binding grooves located on
either side of the SecB tetramer [24,25]. These grooves, present
on each monomer, are formed by two subsites (subsites 1 and 2),
which recognize distinct features of the secretory protein. Sub-
site 1 is a deep hydrophobic pocket, and subsite 2 is a shallow
open extension of subsite 1 [87–89]. Unfolded secretory pro-
teins bind to a large region of the SecB surface, and binding may
not only be constraint to the grooves [90].
A property that discriminates SecB from other chaperones is
that it binds specifically to the PCC-associated SecA, and that
this reaction initiates the transfer of the unfolded secretory
protein from SecB to SecA. SecB binds a well-structured zinc-
binding domain in the SecA carboxyl-terminal linker (CTL)
subdomain [91]. Structural information of this interaction has
been retrieved from the co-crystallization of the Haemophilus
influenzae SecB together with the 27 carboxyl-terminal amino
acid fragment of the H. influenzae SecA [25]. SecA is a
homodimer, and two CTL domains of SecA each with one zinc
molecule bound interact with the SecB tetramer. In this way two
positively charged CTL subdomains of SecA interact with high
affinity with the two negatively charged patches on the flat
solvent-exposed β-sheet surface of the SecB tetramer
[24,85,92]. NMR studies indicate that the zinc molecule is
needed to stabilize the SecA domain in a specific conformation
and that the removal of the zinc molecule probably distorts the
binding-competent conformation and the high affinity interac-
tion with SecB [93]. Also a low affinity SecB–SecA interaction
has been observed in solution [94]. Based on studies on the
soluble SecA–SecB complex, it has been suggested that a
combination of these two binding affinities allows SecA to bind
SecB in an asymmetric fashion so that one SecA monomer may
dissociate from SecB while the other remains bound to the SecB
tetramer [95]. A partial dissociation of SecA from SecB would
allow a conformational change in the centre of the SecA dimer,
where the putative protein binding groove, formed by the SecA
pre-protein cross-linking domain (PPXD) and the SecA α-
helical wing domain (HWD) would open [29,30] and allow the
ATPase to receive the secretory protein from SecB [96]. Indeed,
modeling of the SecB–SecA interaction brings the secretory
protein binding sites on SecB in close proximity with the SecB–
SecA binding interface facilitating a direct transfer of the
secretory protein from SecB to the PCC-bound SecA [25,96].
For a functional SecA–SecB interaction, both of the CTL
domains of the SecA homodimer are needed consistent with a
functional requirement for a SecA homodimer in protein
translocation [95,97]. Upon protein transfer, the signal peptide
Fig. 3. Structures of SecB and SecA. (A) Structure of the a SecB monomer [24] with the four anti-parallel β strands (β1–β4) in its amino-terminal part and the two
anti-parallel α-helices (α1, α2), that run diagonally underneath the β-sheet, in its carboxyl-terminal part. The homo-tetrameric molecule is organized as a dimer of
dimers. A sandwich of the α-helices trapped in between the two eight-stranded β-sheets of two dimers resulting in the tetramer of SecB. The unfolded secretory protein
would bind to a ∼70 Å long channel that is located on either side of the SecB tetramer surface. These channels consist of two subsites (1 and 2), present on each
monomers, which were proposed to recognize distinct features of the secretory protein. Drawing made with ViewerPro using the structure file: 1FDX3.pdb. (B) The
structure of the M. tuberculosis SecA [28]. The different domains are indicated in color (NBF-I, violet; PPXD, yellow; NBF-II, light blue; HSD, dark green; HWD,
light green) with the corresponding linear display of the domains. The CTL domain (red) was not resolved in the structure. The second protomer of the dimeric SecA is
represented as a grey ribbon. Drawing made with ViewerPro using the structure file: 1NKT.pdb.
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from SecA to enable a new cycle of SecB-mediated protein
targeting [98,99].
SecB is not essential for translocation. Rather it facilitates
translocation by maintaining secretory proteins in an unfolded
conformation and actively targets and transfer secretory proteinsto the PCC-bound SecA. In the absence of SecB, the signal
sequence suffices to direct secretory proteins to the PCC-bound
SecA. Since SecB is found only in proteobacteria [100], other
bacteria either use general chaperones or solely rely on the signal
sequence to slow down folding and to target secretory proteins
to SecA.
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Tat substrates fold inside the cytoplasm and thus can use
general chaperones for folding. In E. coli, nascent protein
chains are first contacted by trigger factor at the ribosomal exit
tunnel [101]. However, trigger factor is not involved in Tat
substrate targeting. A recently reported screen for Tat signal
sequence interacting chaperones showed that DnaK and SlyD
are able to bind a broad range of Tat signal sequences, and
additional chaperones bind in the absence of DnaK or SlyD
[102]. SlyD, DnaK and similar chaperones may well be able to
interact early with the signal sequences when they emerge at the
ribosome, thereby preventing a premature targeting to the Tat
translocase or mistargeting to the Sec-translocase. As SlyD has
a nickel-binding C-terminal domain which is suggested to play
an important role in the nickel assembly into hydrogenases
[103,104], a binding of SlyD to the Tat signal sequences of
hydrogenases may support the maturation of these enzymes.
Another role of Tat signal sequence binding chaperones is
proposed to be the prevention of degradation of the signal
sequences prior to recognition by the Tat system [102]. Tat
substrates with molybdenum or nickel cofactors usually
require specific chaperone which function in cofactor insertion,
but which also can bind the respective signal sequences
[4,105,106]. The TorA-specific signal sequence binding
chaperone TorD indeed prevents the degradation of the signal
sequence of the Tat substrate TMAO reductase (TorA) [107].
Moreover, TorA signal sequence protection by TorD improved
targeting of recombinant signal sequence fused reporter proteins
[108]. TorD not only acts as a specific signal sequence binding
protein, it also has been shown to be involved in the
stabilization of the apo-form of the TorA precursor when the
cofactor is limiting [109]. Other chaperones of molybdopterin-
containing Tat substrates and of hydrogenases may act in a
similar way [110]. Especially the cofactor assembly of
hydrogenases is a complex mechanism and a multitude of
factors have to assist in this pathway [104]. As outlined here,
there are many general and specific chaperones which can bind
Tat signal sequences and help to protect Tat signal sequences
degradation. The mature domain of the Tat substrates most
likely fold prior to transport like any cytoplasmic protein
assisted by general cytoplasmic chaperones. As an example, the
folding of the E. coli Tat substrate AmiA has been shown
strictly dependent on GroEL [111].
Specific chaperones have been implicated in preventing
translocase interactions prior to cofactor insertion and folding,
leading in many cases to an oligomerization of the substrate
protein [4]. This has been termed “proofreading” and used to
describe a function that prevent targeting prior to folding [105].
Although general chaperones likely suffice to ensure folding of
Tat substrates, an additional folding quality control at the Tat
system may exist to ensure that only folded proteins can pass the
translocase [112]. This selectivity at the Tat translocase can be
observed with overexpressed folding-impaired artificial Tat
substrates [112,113], but so far no evidence for a biological
requirement of this quality control system at the Tat translocase
has been demonstrated. Since targeting of unfolded proteins tothe Tat translocase can be noxious for cells, the mechanistically
interesting selectivity at the Tat translocase is unlikely to repre-
sent a physiological quality control [114].
6. Translocase components
6.1. Sec-translocase, a motor protein associated to a protein
conducting channel
6.1.1. Structure and function of secA, the motor protein
In bacteria, the ATPase SecA functions as receptor for
secretory proteins and as an ATP-dependent motor that drives
the protein translocation reaction when associated to the PCC,
i.e., from the cytosolic (cis)-side of the membrane [99]. The
ER Sec-translocase can also mediate post-translational protein
translocation, and this involves an ATPase termed Kar2p in
yeast [115] or BiP in mammals [116]. These are Hsp70 homo-
logs [117] located on the trans-side of the ER. In archaea, also
post-translational translocation has been observed but these
organisms lack a SecA homolog, while an involvement of
Hsp70 like proteins on the trans-side of the archaeal cytoplas-
mic membrane seems unlikely because there is no ATP outside
the cytoplasm [11].
SecA is the central component of the bacterial Sec system as it
interacts with almost all other components of the translocase.
The presence of a conserved Walker A and Walker B ATP
binding motif [118] and the homology to DEAD-box RNA and
RecA-like DNA helicases classified this protein as the molecular
motor that drives the protein translocation reaction [119] {Ye,
2004 2228 /id}. Crystallographic structures of the Bacillus
subtilis [27,30,120], Mycobacterium tuberculosis [28] (Fig.
3B), Thermus thermophilus [121] and E. coli [29] SecA indicate
that the monomer can be subdivided into several structural
subdomains (nucleotide binding folds I and II, NBF-I and NBF-
II; the pre-protein cross-linking domain, PPXD; the α-helical
scaffold domain, HSD; the α-helical wing domain, HWD; and
the carboxyl-terminal linker, CTL) that cluster in a N-terminal
DEAD domain (NBF-I and -II, PPXD) and a C-terminal CTD
domain (HWD and CTL), which are connected by an extended
α-helix, the α-helical scaffold domain (HSD) (Fig. 3B). The
DEAD domain, a hyper-activated ATPase, has been shown to
bind with high affinity to the PCC, but without the CTD it is not
competent for protein translocation [122]. The CTD promotes
and stimulates the PCC binding of the DEAD domain and
modulates its ATPase activity. Avery strong interaction between
the DEAD and the CTD fragment is also observed in trans
combining both purified components [122,123].
The regulation of the DEAD ATPase activity is mediated
by the Intramolecular Regulator of ATP hydrolysis 1 (IRA1)
located in the CTD as part of the HSD where it forms a helix–
loop–helix (H1–L–H2) structure that contacts on one side the
NBF-II and on the other side the PPXD [29]. ATP binds to the
NBF-I and since biochemical evidence indicates that both NBF-I
and II are needed for the secretory protein-stimulated SecA
ATPase activity and translocation [124–128] it is proposed that
NBF-II controls ADP release and ensures optimal ATP catalysis
by binding to NBF-I rather than binding to the nucleotide itself
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in the NBF-I can directly be translated to the other subdomains
of SecA [27,129–135].
A cross-linking approach identified a region of 155 amino
acids (residues 222–377) on SecA that is in close vicinity to a
bound secretory protein [136,137]. This region known as PPXD
(Fig. 3B) was demonstrated to be essential for cell viability,
protein translocation and secretory protein-stimulated translo-
cation ATPase [138]. It forms a loop structure that with its ends
is connected to the NBF-I in the amino-terminal part of SecA,
and extends to the C-terminal part of SecA, where it interacts
with the HSD and the HWD [27–30,120,121]. The loop con-
tains the Substrate Specific Domain (SSD) [137] and has been
further subdivided into regions responsible for binding of the
signal sequence and mature part of the secretory protein [138].
A conserved hydrophobic surface that may electrostatically
attract the positively charged n-region of the signal sequence is
located at the NBF-I/PPXD interface [29,30].
Many of the protein localization (prl) mutations of SecA that
allow translocation of secretory proteins with a defective or
even with a deleted signal peptide localize in the NBF-II and the
PPXD regions [139,140]. Some of these prl mutants also sup-
press the sodium azide sensitivity of SecA, i.e. azi mutants.
Sodium azide is an inhibitor of the SecA ATPase activity, and
mutations that render E. coli resistant to azide map to the secA
gene [141]. The correlation of the prl and azi mutants suggests
that secretory protein binding and translocation must be directly
linked to ATP binding and hydrolysis and further indicate that
the secretory protein interaction of SecA may not be restricted
to the PPXD domain only. Another region, the methionine
canyon, a methionine-rich weakly packed and conserved hydro-
phobic region forming an interface between NBF-II and the
amino-terminus of the HSD was proposed to be involved in
protein binding as well [27]. SecA does not only interact with
the signal peptide but also binds the mature part of secretory
proteins [134,138]. An interaction of SecAwith the mature part
of the secretory proteins was also suggested by observations
that proteins with a defective or an absent signal sequence
are translocated by some SecA (and SecY) prl mutants [72,140,
142–147].
SecA interacts through two mechanisms with the membrane
surface. It can associate with low affinity with negatively
charged phospholipids [148] and binds with high-affinity to the
PCC [99]. The DEAD domain of SecA is responsible for the
interaction with the PCC [122], while the CTD domain interacts
with the phospholipids bilayer [149]. The homodimeric form of
SecA has been implicated as the active conformation of SecA in
protein translocation [97,150,151]. By truncation and muta-
genesis, it was claimed that the dimer–monomer equilibrium
can be shifted completely to the monomeric form that retains a
low, but significant activity [152,153]. However, other studies
shown that the same SecA mutants either are still dimeric or
completely inactive [95,154,155]. Importantly, none of these
studies determined the oligomeric state of SecAwhen bound to
the PCC. In this respect, a chemically fused dimeric form of
SecA was shown to be as active as the non-covalently linked
SecA dimer, and to bind the PCC with the same affinity andstoichiometry as the native SecA dimer. This demonstrated that
the oligomeric form of SecA is a structural entity and binding
partner for the PCC [151].
The B. subtilis [27,120], M. tuberculosis [28] and E. coli
[29] crystal structures show an antiparallel dimer (Fig. 3B),
while in the T. thermophilus crystals, SecA is organized as a
parallel dimer [121]. Currently, it is unclear which of these
forms represent the active dimer, although the B. subtilis SecA
also forms antiparallel dimers in solution [156]. Nevertheless,
for translocation, the PCC-bound state is the relevant species
and the geometry of the PCC-bound dimer has not been
determined. Possibly, some of observed dimeric crystal forms
represent intermediates in the catalytic cycle. Gel-filtration and
analytical ultracentrifugation showed that the dimer–monomer
equilibrium is influenced by different factors such as temper-
ature, ionic strength of the environment and the protein con-
centration. Under physiological conditions, the Kd for the
dissociation of the dimer is about 0.1 μM, which indicates that
in the cell, SecAwill be mostly dimeric (∼8 μM SecA) [157]. A
comparison of the six crystal structures reflects the dynamic and
flexible nature of SecA. The biggest conformational change
involves the opening of a large solvent-accessible space be-
tween the PPXD and HWD [29,30]. More subtle difference are
more packed or loosened states of the DEAD subdomains and a
different orientation of the CTD subdomains (HSD and HWD)
[27–30,120,121]. EM analysis of E. coli SecA in the presence
of negatively charged phospholipids shows ring-like structures
[158] that possibly reflect higher order oligomers.
6.1.2. Structure and function of the protein conducting channel
The PCC forms a hydrophilic pore for secretory proteins to
pass the membrane [159,160]. Its heterotrimeric organization is
conserved throughout the three kingdoms of life with SecY,
SecE and SecG for the bacterial domain and Sec61α, Sec61γ
and Sec61β for the archaeal and eukaryotic domain [161].
Sec61α and Sec61γ are homologous to SecY and SecE, but
Sec61β has no sequence similarity to SecG [162]. The 3.2 Å X-
ray crystal structure of the Methanococcus jannaschii Sec61αγ
β has been solved [26] (Fig. 4). This structure superimposes
with the low-resolution (8 Å) 2D cryo-EM electron density map
of the E. coli SecYEG-complex [163,164]. Sec61α (SecY)
comprises 10 TMDs with its N- and C-terminal ends at the
cytosolic side of the membrane, while the single TMDs of
Sec61γ (SecE) and Sec61β (SecG) expose only their N-termini
to the cytosol (Fig. 4). SecY is arranged as two sets of mirror
imaged TMDs (TMD 1–5 and TMD 6–10), which are
connected by a periplasmic loop to form a clamshell structure
with a central funnel-like pore. The opening of the central
channel can be achieved by a hinge movement of the loop
region that connects TMD 5 and TMD 6 of SecY, where a small
conformational change in this region displaces the two halves of
SecY away from each other and opens the interface between
TMD 2 and TMD 7 on the opposite site of the clam structure.
The latter is termed the lateral pore as it is believed to open the
channel to the lipid phase or to the second protomer of a dimeric
SecYEG complex. Both halves of SecY are held together by
SecE, which embraces SecYand acts as a molecular clamp. One
Fig. 4. Structure of the monomeric SecYEG complex. (A) Membrane cross-
sectional view. (B) Cytosolic view. The PCC [26] consists of three subunits: the
Sec61α/SecY channel (cyan) that is embraced by the Sec61γ/SecE subunit
(orange) and the peripheral bound Sec61β/SecG protein (green). The channel
forms an hourglass-like structure with a pore ring of hydrophobic residues
(mainly isoleucines) at its constriction. The pore is closed at the periplasmic side
by a plug formed by a short α-helix of a periplasmic loop that folds back into the
funnel. The clamshell-like structure of SecY that is connected by a hinge region
comprises a frontal lateral opening to the lipid bilayer which may function as
exit site for hydrophobic TMDs of translocating polypeptides during membrane
insertion. Drawing made with ViewerPro using the structure file: 1RHZ.pdb.
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plasmic loop that connects TMD 2 with TMD 3, and the other
side of the clamp is formed by TMD 3 [26]. SecG makes only
limited contact with SecY and SecE, and is located at the
periphery of the channel complex [26,163]. The monomeric M.
jannaschii Sec61αγβ structure was suggested to represent the
“closed” state of the translocation pore with the central channel-
pore closed by a plug-like structure formed by a distorted α-
helix (TMD 2a) of the first periplasmic loop of Sec61α. This
plug is believed to be displaced from the periplasmic cavity at
the initiation of protein translocation and thereby opening the
PCC in the vectorial direction [26,165]. Molecular dynamics
simulations suggest that the central pore in the SecYEG com-
plex can be widened to a sufficient extent that it can accom-
modate unfolded polypeptide chains, without the need for a
lateral opening of the translocation channel [166–168].
The functional oligomeric state of SecYEG is a topic of con-
troversy because in contrast to the monomeric crystal structure,
thiol cross-linking experiments provided evidence for at least a
dimeric organization of the E. coli SecYEG-complex [169,170]
while EM investigations of both the SecA- and ribosome-bound
PCC suggest an oligomeric arrangement of the SecYEG com-
plexes [31–33,171–176]. The dimeric form appears a minimal
functional unit as evidenced by the formation of active disulfide-
induced cross-linked [177] and fused [178,179] SecY dimers.
Furthermore, upon addition of SecA in the presence of a non-
hydrolysable ATP analog AMP-PNP or ATP to trap a secretory
protein as an intermediate in the PCC, oligomeric forms of
SecYEG are formed [171,173].
The oligomeric state of the PCC is a major topic of con-
troversy. A chemical cross-linking approach failed to detect
SecYEG oligomers at wild type protein levels [180], and oli-
gomers were therefore suspected to be an artifact due to over-
expression and purification of the PCC. Later studies showed
that cross-linking agent dissociates SecYEG dimers presumably
as it interferes with the interacting amino acyl side chains at thedimer interface [178]. Disulfide-cross-linked SecY dimers have
also been observed at wild-type expression levels [169,170],
while sedimentation analysis indicates an equilibrium between
monomeric, dimeric and tetrameric forms of SecYEG [179].
Blue Native (BN) PAGE analysis indicated that after SecA has
been removed from the PCC, a trapped secretory protein trans-
location intermediate associates only stably with SecYEG di-
mers and not with tetramers [181]. Recent experiments with
fused SecY dimers confirmed that the dimer is a structural entity
and suggest that only one of the monomers is actively involved
in formation of a translocation channel [182]. In the same study
it was suggested that the other SecYEG protomers forms an
anchoring site for monomeric SecA, thus forming an asymmet-
ric organizational unit of SecA monomer bound to a SecYEG
dimer. However, this hypothesis was based on the incorrect
assumption that the SecY R357E mutant used with these fused
dimers is defective in SecA binding. This mutant is, however,
only defective in the SecA-dependent initiation of protein
translocation [183], and binds SecAwith normal affinity [184].
Monomeric SecYEG reconstituted in nanodisks was show to
bind monomeric SecA [185], while BN-PAGE experiments
have shown complexes of dimeric SecA and SecYEG [178].
Furthermore, a crosslinked SecA dimer which is equally active
as the non-crosslinked SecA protein was found to bind the same
number of SecY binding sites [151]. In this respect, current data
strongly suggest that the PCC is a dimeric assembly of SecYEG
and SecA.
Another issue of controversy is the orientation of SecYEG in
the dimer. The SecYEG dimers might be organized “back-to-
back” with two SecE subunits forming the interface of two
separate SecYEG complexes as suggested by disulfide-bond
cross-linking [170]. In this arrangement, the lateral pores of the
individual SecYEG complexes would both face the lipid bilayer.
However, it is unclear if this represents an active orientation as
cross-linked “back-to-back” dimers are inactive whereas this
arrangement could not be demonstrated by cross-linking upon
the initiation of SecA-dependent protein translocation [169].
Recent cryo-EM studies on an active ribosome-bound E. coli
PCC with a translocation intermediate of the monotopic mem-
brane protein FtsQ suggests that the SecYEG dimer is organized
“front-to-front” with the lateral openings facing each other
forming one PCC [31]. This arrangement in principle allows the
formation of a large channel formed through the fusion of the
two individual SecYEG complexes. However, formation of a
consolidated pore from the two individual pores remains to be
shown.
Binding of SecA to the SecYEG results in a conformational
change of SecA [135,186]. Insofar not already assembled,
SecYEG monomers are recruited by SecA to form the dimeric
PCC [171]. The sites of interaction between SecA and SecY
have been mapped by cross-linking methods, and localize to the
longer cytoplasmic loops of SecY [187] and a region that more
deeply penetrates the SecY structure [184]. Although SecA can
be cross-linked to SecG during the translocation process
[188,189], SecG is not needed for the high-affinity interaction
between SecA and SecYE [190–193]. Interestingly, various
regions of SecA are accessible for chemical labeling from the
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results from diffusion of the chemical agents through the PCC
thereby gaining access to cytolic SecA. Proteolytic assays
showing membrane protected SecA fragments under relevant
translocation conditions also suggested the insertion of SecA
domains into the PCC [197–199]. This has led to a membrane
insertion model in which translocation is proposed to be the
result of nucleotide dependent cycles of insertion and deinser-
tion of SecA domains with bound secretory protein into the PCC
[197–201]. In the PCC-bound state, SecA is not in contact with
the bulk lipid of the cytoplasmic membrane [202]. Because of
the large volume of the protease protected SecA domain, a
oligomeric structure of the PCC would be required to shield the
enzyme from the lipid phase [203]. However, the same protease-
resistance SecA fragments can also be generated in the detergent
solubilized state, provided that the detergent does not interfere
with the SecA–SecY interaction [204]. Thus these fragments
seem to represent conformational states rather than membrane
protected domains.
6.2. Tat translocase, an oligomeric membrane integral complex
Regarding the obvious difficulties which arise when folded
proteins have to be translocated across biological membranes, it
is surprising that only two proteins, TatA and TatC, form to-
gether the minimal Tat translocase [205,206]. In proteobacteria
like E. coli and in plant plastids, the Tat system is more com-
plex, as a third component comes into play which has been
termed TatB in E. coli and Hcf106 or cpTatB for the chloroplast
systems [43,207]. It is well established that TatB associates with
TatC to form a stable TatBC complex that is able to bind Tat
substrates [114,208,209]. In TatAC systems, membrane-integral
TatC is proposed to form a complex on its own to which soluble
TatA only associates transiently in the course of a substrate
delivery [210–212]. In contrast, for proteobacteria and plant
plastids it is reported that TatA is a membrane-anchored protein
[213–215]. TatA and TatB components are similar in their
functionally important N-terminal regions [216,217]. In fact,
bacterial TatA components have been originally identified by
their similarity to thylakoidal Hcf106, which actually is a TatB
[45]. The distinction of TatA from TatB cannot easily be made
by sequence analyses [51]. TatB from plants is most closely
related to TatA from cyanobacteria and likely evolved inde-
pendently from proteobacterial TatB [218]. TatB can be re-
garded as a specialized TatA which shows more stable TatC
interactions, which obviously have been proven useful. TatB
has been reported to be essential for efficient Tat transport in
E. coli and maize plastids [43,207]. Low but significant
amounts of artificial Tat substrates can be transported without
TatB in E. coli [219,220], which suggests that TatB is not an
essential protein. Single mutations in TatA have been demon-
strated to make TatB dispensable in E. coli, further underlining
the relatedness of these two proteins [220]. Likewise, in the
Gram-positive Streptomyces lividans, mutation of the TatB
homolog could be partially complemented by overexpression of
TatA [221]. TatA-family proteins which are not encoded in
operons together with TatC are frequently called TatE [45]. Inaddition to the described Tat components, two other components
encoded in tat-operons have been functionally analyzed. TatD, a
soluble nuclease encoded in tat-operons of enterobacteria, and
TatF, a AAA-family protein whose gene is coupled to tatC in
Rhodobacter species [65,222]. Both proteins are not essential
for translocation, but TatF may play a chaperone function [65].
The TatA/B-family proteins have an N-terminal hydrophobic
segment which is predicted to constitute a membrane anchor
followed by a proposed amphipathic helix and a highly charged
C-terminal region [223]. TatB proteins are usually longer than
TatA, but the larger C-terminal region is not important for Tat
transport efficiency and thus is not a good criterion to differ-
entiate TatB from TatA [216]. The only important functional
features in TatA and TatB are the N-terminal regions with its
postulated TMD and the predicted amphipathic α-helix [216]. A
recent study suggests that TatA exists in two forms in the
membrane, one with a single N-terminal TMD and the other with
two TMD, where the second TMD is formed by the amphipathic
α-helix [224]. Some conserved residues in the hinge regions
between the TMD and the amphipathic helix have been pro-
posed to distinguish between TatA and TatB [217]. In E. coli,
these residues have been reported to be important [223], but are
not essential for transport [225,226] and in chloroplast TatA
(Tha4 or cpTatA), the residues of the hinge region have been
mutated without affecting the activity [227]. Considering the
relatedness of TatA and TatB, the only meaningful differenti-
ation of a TatB may be made so far by probing the formation of
stable complexes with TatC.
TatC is a polytopic membrane protein with six TMDs
[228,229]. Chloroplast TatC (cpTatC) has been demonstrated to
bind the twin-arginine motif of Tat signal sequences, and the
signal sequence can remain bound to TatC during transport
without affecting the functionality of the Tat system [230].
Similar to the plant system, bacterial TatC binds the region of
the twin-arginine motif of Tat substrates [231]. Important resi-
dues have been identified in TatC, but so far the exact functions
of these positions are unknown [226,232,233].
Bacterial TatA forms homo-oligomeric complexes [214,234].
When separated by BN gel electrophoresis, these complexes
form a ladder with about 34 kDa increments which ranges to
over 500 kDa [234,235]. As the range of this “TatA-ladder”
depends on the solubilization conditions, these many complexes
may arise from a disassembly of some larger structure upon
solubilization (Behrendt and Brüser, unpublished results).
Another view is that these complexes represent many TatA-
pores of different size which could be recruited for Tat substrates
of different sizes [235]. In the E. coli system, it has also been
reported that a TatA association with the TatBC complex is
important for the stability of the TatBC complex [226,236]. In
contrast, others found that the TatBC complex can be stably
formed in the absence of TatA [237].
7. Mechanistic aspects and energetics
Protein translocation is not a spontaneous process but re-
quires the input of an energy source. The two main sources are
chemical energy (ATP, GTP) and electrochemical energy (the
1745P. Natale et al. / Biochimica et Biophysica Acta 1778 (2008) 1735–1756proton motive force, PMF). During co-translational protein
translocation via the Sec system, polypeptide chain elongation at
the ribosome and at the expense of GTP is a main driving force
for translocation. During post-translational translocation, ATP is
amain source of energy that is utilized for a power stroke to drive
protein segments through the pore of the PCC and/or to
coordinate the opening and closure of the PCC [238]. In bacteria,
the PMF contributes as a driving force to the translocation
reaction. In contrast, the PMF is the sole driving force for protein
translocation via the Tat system.
7.1. ATP and proton motive force driven protein translocation
via the Sec system
7.1.1. Mechanistic aspects
Protein translocation via the Sec system is a step-wise
process wherein a catalytic turnover of the SecA ATPase is
coupled to the translocation of a polypeptide segment with a
discreet length. Soluble SecA exhibits a low ATPase activity
and appears as a functionally idle state. The protein attains its
active state upon its binding to SecYEG [186]. This involves a
conformational change of SecA [135] and an increased rate of
nucleotide exchange at SecA [186]. This process probably also
involves oligomerization of SecYEG into a functionally active
PCC [96]. However, in order to be catalytically active, SecA
also needs to associate with a secretory protein. The latter
process triggers a cascade of events. Binding of ATP to SecA
results in the initiation of protein translocation, whereby a loop
of the signal sequence with the mature N-terminal region of the
secretory protein inserts into the PCC [201]. At this stage, the
signal sequence already gains access to the catalytic site of leader
peptidase and processing can take place. Next, the SecA-bound
ATP is hydrolysed and this releases the secretory protein from
SecA while the inserted and translocated polypeptide domains
remain trapped in the PCC. In a following step, SecA may
dissociate from the PCC to allow a newSecAmolecule to bind the
translocation intermediate or the PCC-bound SecA may re-bind
the protein without dissociating from the PCC [197]. This re-
binding event results in the vectorial displacement of about 20 to
30 amino acid residues of the polypeptide [201], while sub-
sequent binding of ATP to SecA drives the translocation of
another 20–30 amino acids. Multiple cycles of SecA binding and
hydrolysis of ATP complete the translocation of the secretory
protein [198,201,239]. Quantitative estimates of the nucleotide
requirement for ATP-driven translocation indicate that in vitro
about 500 molecules of ATP per translocated polypeptide of
about 25 kDa are needed. It is, however, unclear if this represents
the nucleotide stoichiometry of a well coupled or a dissipative
process.
The exact mechanism of SecA-mediated translocation has
not been elucidated, but various mechanisms have been pro-
posed. The two NBFs of SecA show homology to the cor-
responding RecA domains of the DEAD helicase family [137].
Because of this similarity, SecA has been proposed to function
in a similar manner as helicases [30,240]. In helicases, the
DEAD motor domain couples ATP binding and hydrolysis to
conformational changes in other regions of the protein. In caseof the monomeric PrcA helicase, alternating changes in the
affinity of RecA domains for the substrate result in the trans-
location of the protein along the double stranded DNA by
means of an inchworm mechanism [240,241]. ATP binding
moves the two RecA domains towards each other and alternates
the binding affinities of the two domains for a single strand of
the DNA. Subsequent ATP hydrolysis results in the separation
of the two domains where the previous weakly binding domain
now tightly associates with a single strand of DNA. This
generated movement of the domains results in unwinding of the
double stranded DNA by the PrcA helicase [241]. In the pro-
posed inchworm mechanism, monomeric SecA is proposed to
provide one of the binding sites for the secretory protein,
whereas the PCC would form the second binding site. In this
model, ATP binding to the DEAD motor domain would enforce
a conformational change in the SecA protein much akin a lever
arm movement of the PPXD domain with bound secretory
protein. This macro-mechanical movement would result in
translocation progress, and upon ATP hydrolysis, SecA would
release the bound secretory protein and restore its conforma-
tional state to re-bind the translocating protein for another
power-stroke. Although the step-wise mechanism of transloca-
tion has so far only been demonstrated for one single model
protein [201,239], it is of interest to relate the observed trans-
location progress of about 20 amino acids per sub-step to the
proposed inchworm mechanism. In the mechanisms, the step
size will depend on the size of the lever arm, and the
conformational change needs to reach a distance of ∼66 Å (1
amino acid ∼3.3 Å) for a completely unfolded polypeptide.
In the crystal structures of dimeric B. subtilis [27] and
M. tuberculosis [28] SecA, the monomers are organized in an
antiparallel head-to-tail organization. These structures, however,
exhibit different dimer interfaces, but both show a central open-
ing, possibly a pore. While the B. subtilis SecA dimer seems to
correspond to a relatively compact state with a narrow central
opening [27], the M. tuberculosis SecA dimer has a more flat
structure and a large central opening [28]. A central opening the
SecA structure has also been observed by negative staining EM
and single particle analysis [158]. In the proposed piston model
[28] the secretory protein is envisioned to be trapped in the
central pore of the SecA dimer and is pushed through the PCC.
This hypothesis requires that the central opening in the SecA
dimer aligns with the pore of the PCC. This model was recently
refined in the molecular peristalsis model (Fig. 5) [96,242]. By
analogy with the structural organization of the PCC associated
with the ribosome, it was proposed that the active PCC consists
of a ‘front-to-front’ SecYEG dimer. The SecA dimer may dock
onto the SecYEG dimer by quasi-symmetrical interactions
resulting in a large central cavity in between the SecA and SecY
dimers. During the translocation process, the secretory protein
may gain access to the PPXDs localized in this cavity by passing
through the central pore of the SecA dimer. Upon ATP binding,
the SecA pore closes, resulting in a more compact state of the
dimer, trapping of the secretory protein and a concomitant
decrease in the cavity volume. The simultaneous opening of the
central pore in the PCCwould be brought about by a reduction of
the distance between the interactions sites of the individual SecA
Fig. 5. Peristalsis model for the membrane passage of Sec substrates [96] based on the SecA dimer structures from M. tuberculosis (open pore) [28] and B. subtilis
(closed pore) [27]. (a) The SecA dimer in an open pore conformation binds to the PCC (a dimer of SecYEG) creating a large central cavity in between PCC and SecA.
Due to the Brownian motion, the polypeptide passes through the SecA pore into the cavity where the signal sequence binds to the PPXD of one of the SecA protomers
and the remainder of the cavity fills up with protein, possibly also involving the PPXD of the other SecA protomer; (b) conformational changes (arrow) due to ATP
binding (ADP/ATP exchange) result in the closing of the SecA pore, the release of the secretory protein from the PPXD(s) and the opening of the PCC. The
conformational change of the SecA dimer results in a reduction of the cavity volume, and the polypeptide is forced to move into the PCC channel; (c) ATP hydrolysis
reverse the SecA conformational change, which results in the re-opening of the SecA pore and the closure of the PCC channel allowing a new stretch of secretory
protein to enter the SecA/PCC cavity. (d) The cycle is repeated upon binding of ATP to SecA.
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proteins. In this manner, the reduction of the cavity size is
directly coupled to opening of the PCC allowing the directed
diffusion of the cavity entrapped secretory protein segment
across the membrane, while the remainder of the secretory
protein would stay trapped in the central pore of the SecA dimer.
Notably, in this model the actual movement of polypeptides
through the pore occurs by Brownian motion while a power
stroke is employed to decrease the cavity size and to open the
PCC [242]. A free diffusion mechanism of translocation is also
supported by observations that in the absence of SecA asso-
ciation, protein translocation intermediates can undergo reverse
movements within the translocation channel [239]. The latter
observation is incompatible with the proposed inchworm me-
chanism [30]. Moreover, the large and constant step size in
protein translocation [243] might also be explained by the per-
istalsis mechanism, as this will be determined only by the
volume of the proposed cavity [96].
7.1.2. Energetic aspects
ATP is an essential energy source in Sec mediated trans-
location. However, depending on the substrate, translocation
can be significantly stimulated by the PMF. Once translocation
has been initiated at the expense of ATP, the PMF can complete
the translocation reaction by an unknown mechanism [201,239,
244]. In this reaction, both the transmembrane electrical
potential (Δψ) and pH gradient (ΔpH) are thermodynamically
equivalent forces [244–246]. Although the PMF cannot initiate
translocation, PMF-driven translocation is highly efficient in the
absence of SecA and appears to occur without the accumulation
of specific translocation intermediates. For instance, a secretory
protein physically trapped as a translocation intermediate in the
PCC can readily complete its translocation in the presence of aPMF. This PMF-driven translocation is slowed down by the
addition of SecA, and even blocked completely upon the addition
of SecA in the presence of a non-hydrolysable ATP analog. This
suggests that PMF-driven translocation occurs when SecA has
released the secretory protein. Moreover, the presence of a PMF
prevents backward slipping of translocation intermediates
trapped in the PCC [239,244]. It has been suggested that the
PMF acts directly on the SecA cycle [247] by promoting the
release of ADP [248] or by facilitation the opening of the
translocation channel [249]. Interestingly, SecY prlA mutants
exhibit a reduced requirement for the PMF for translocation
[249], suggesting that in these mutants the pore is in a relaxed
state. Indeed, these prlA mutants map to the constriction region
of the pore [250]. On the other hand, the PMF can direct the
movement of the polypeptide chain [244], while PMF-driven
translocation appears to be limited by protonation/deprotonation
events [245]. These observations suggests that the PMF acts both
a driving force possibly involving vectorial proton movements,
as well as regulating the opening of the translocation pore.
7.2. Proton motive force driven translocation of folded proteins
by the Tat system
7.2.1. Mechanistic aspects
In the thylakoidal system, Tat substrates bind to the TatBC
complexes without the requirement for a PMF [251,252]. Tat
substrates appear to interact first with membranes prior to their
interaction with the Tat system [253]. Also in bacterial systems,
a Tat-independent membrane targeting has been observed with
several Tat substrates [64,254], and a strong interaction of Tat
substrates with membranes has been observed in vitro
[255,256]. The only so far analyzed Tat signal sequence of a
folded Tat precursor is unstructured is solution and it has been
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induced either by membrane interactions or by an induced fit
upon binding to the Tat translocase [257].
The current model for the membrane passage of Tat sub-
strates upon interaction with Tat translocase components is
schematically summarized in Fig. 6. The region of the twin-
arginine motif in Tat substrate signal sequences binds to the
TatBC complex [230,231,258]. Most likely, the binding site for
Tat substrates resides in the N-termini of TatB and TatC, as TatFig. 6. Model for the membrane passage of Tat substrates. Upon interaction with
the Tat(B)C complex, Tat substrates deeply bind with their N-terminal region to
Tat(B)C (A), followed by a recruitment of TatA (B) and the major con-
formational change in Tat(B)C which pulls the Tat substrate through the
membrane which is weakened by TatA (C). In the moment of release of the Tat
substrate, a very short-lived hole may be formed which could account for the
large proton flux which accompanies Tat transport (D). The membrane is sealed
and the substrate is laterally released, which makes the substrate accessible to
signal sequence peptidases (E, F). The binding site for the twin-arginine motif
within the Tat(B)C complex is indicated by a bent line. See text for more details.transport of twin-arginine mutated Tat substrates is enabled by
suppressor mutations which localize to the N-terminal cyto-
plasmic domain of TatC and in a conserved negative charge
within the TMD of TatB [258]. In addition, recent cross-linking
analyses showed that functionally important mutations in the N-
terminal half of TatC influenced the binding of Tat substrates
[259]. Upon substrate binding and in the presence of a PMF,
TatA is recruited to the TatBC-Tat substrate ternary complex in
chloroplasts [208,260] and in the bacterial Tat system [231].
TatA as purified after overexpression of the tatABC genes forms
ring-like structures of variable diameter, which have been sug-
gested to represent gated translocase pores [235,261]. In the
E. coli Tat system, some interaction of TatAwith Tat substrates
has been observed through a cross-linking approach [231], and
recently it could be demonstrated that in S. lividans soluble and
membrane-bound TatA has a very high affinity to Tat substrate
precursor proteins [262]. Thylakoidal TatA seems not to interact
with the signal sequence of Tat substrates [230]. In contrast, it
has been shown that the Tat signal sequence can remain bound
to TatC without hindering transport [230,263]. These data argue
against a “handover”mechanism in which TatBC complexes are
regarded as receptors only, while TatA is believed to form an
active pore which receives the Tat substrate from this receptor.
Possibly, TatC is the motor of the Tat translocase [255]. Most
recently, a deep and strong binding of Tat signal sequences in
the TatBC complex has been revealed under experimental con-
ditions where TatAwas functionally blocked by antibody bind-
ing [263]. Such a deep binding is expected if TatBC is the motor
component of the Tat system which acts directly on Tat subs-
trates by conformational changes which move the Tat substrate
through the membrane. A recent study suggests that the TatA–
TatA interactions change upon interaction with the substrate-
bound TatBC complex, and that the TatA-recruitment does not
depend on the substrate size [227], contrasting the hypothesis of
preformed TatA pores. The TatA assembly reaction is followed
by the transport of the Tat substrate, suggesting that TatA
facilitates substrate translocation in the presence of TatBC.
Transport of the Tat substrate may be enabled by a punctual
weakening of the membrane, as multiple hydrophobic TMDs of
TatA assemble near the bound Tat substrate [264]. Similarly, a
transient membrane insertion of the predicted amphipathic helix
could fulfill such a purpose [227,265]. Asmany Tat systems lack
TatB, and even in the E. coli system transport is possible without
TatB [220], the basic motor functions are likely to reside in TatC,
which is the reason for the notation “Tat(B)C” in Fig. 6.
A stable aqueous pore may not be required for transport but
is likely to be transiently formed when Tat substrates are
released after transport. Such a pore could explain the observed
large proton flux which accompanies Tat dependent transloca-
tion [266]. In any case, the membrane has to be sealed im-
mediately after transport, which is likely to be a process in
which lipids play an important role. This would also fit the
observation that recombinant Tat substrate translocation is im-
proved by PspA [267]. PspA is part of the cellular response to
membrane stress and has been shown to aid in cases when the
membrane integrity and PMF are affected [268]. After transport,
TatA disassembles from TatBC and the Tat substrate is released
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peptidases [180]. In the thylakoid system, it has been demon-
strated that the transported Tat substrate is not cleaved by a
signal sequence peptidase when it is still bound to the TatBC
complex [230]. Therefore, Tat substrates are likely to become
accessible to signal sequence peptidases only after a lateral
insertion into the membrane. In case of N-terminally membrane-
anchored Tat substrates such as the Rieske subunit of the
cytochrome bc1 complex [59], the signal sequence is not cleaved
off and thus it must be released laterally into the membrane,
unless some unknown reinsertion mechanism is operational.
Similarly, it is likely that TMDs of C-terminally membrane-
anchored Tat substrates are released laterally into the membrane.
7.2.2. Energetic aspects
Tat transport is somehow triggered by the PMF. Only a small
ΔpH is sufficient for Tat transport in in vitro systems [269].
Measurements with thylakoid Tat systems indicate that nearly
80,000 protons pass the membrane per protein translocated
[266]. The Tat system is energetically therefore more costly than
the Sec system. In the case of thylakoidal Tat substrates, and
possibly also in Halobacteriaceae, this proton leak may be not
very important during light exposure. If both ΔpH and Δψ
contribute as driving forces is currently discussed for the Tat
system [270]. In the first analyses of the energetics of the Tat
pathway in thylakoids, it was noted that the transport “is driven
by a PMF, of which the pH is the dominant component” [39] and
that the transport is absolutely dependent on the ΔpH without a
requirement of ATP [38,42]. In contrast to the Sec system, no
stromal, nucleotidetriphosphate (NTP)-requiring factors are
required for the ΔpH-dependent pathway in thylakoids [271].
Consequently, the term “ΔpH pathway” was established before
any of the Tat components were identified [38,272]. All in vitro
systems with membrane vesicles require so far the formation of a
proton gradient for Tat transport [38,39,180,231]. However, it
has been reported that the thylakoidal Tat system does not
require aΔpH in vivo [273]. The proton gradient depends on the
buffer properties on both sides of the membrane. Often, much of
the energy from proton transport can be stored in Δψ. The
stability of this Δψ depends on the availability and membrane
permeability of ions in the system [274]. For this reason, any in
vitro Tat assay with vesicles or organelles is strongly influenced
by salts. These arguments suggest that the differentiation be-
tween the two components of the PMF as possible driving force
for Tat transport requires further experimental work.
Mechanistically important is the question whether proton-
ation and deprotonation events are required for the conforma-
tional changes during Tat transport. Two scenarios are feasible,
where (1) the Tat system may require only the Δψ, which –
upon substrate binding – triggers the movements at the trans-
locase without the an active involvement of a specific proton
flow, or (2) protons or other ions bind to specific sites within the
translocase, and a thereby the directed flow of these ions
through the membrane induces the translocase movements. In
other PMF dependent motors, such as the ATP synthase, there
are acidic residues within the membrane which allow a transfer
of protons across the membrane which is coupled to molecularmovements and conformational changes [275]. The same
membrane-integral acidic residue is used by sodium-specific
ATP synthases which trigger the motor by sodium motif force
(SMF) [276]. Several studies addressed the functionality of Tat
systems which were mutated in conserved acidic residues, but
no such acidic residue has been identified so far for TatA, TatB,
and TatC. Thylakoid TatA bears a conserved glutamate in the N-
terminal TMD. Mutation of this residue prevents the association
of TatA with the TatBC/substrate ternary complex and thus
plays a role in complex assembly rather than in energy trans-
duction [277]. Accordingly, it is well known that the assembly
of TatA with the TatBC/substrate ternary complex requires a
ΔpH in the plant thylakoid system [227,260,278]. In proteo-
bacteria such as E. coli, TatA components do not contain this
conserved negative charge in the TMD of TatA, but TatA still
associates with the TatBC complex only in the presence of a
ΔpH [231]. In E. coli TatA, a different negatively charged
residue (D31) has been implicated in energy transduction
[279,280]. This residue is located in the predicted amphipathic
helix and not in the TMD. Topology studies suggest that the
amphipathic helix of TatA may span the membrane either
transiently or in a subpopulation of TatA [224,265] and
therefore speculated that D31 could be the long-searched-for
proton conducting residue [280]. D31 is essential for TMAO
growth and SDS resistance, which both depend on Tat
functionality [279]. However, earlier biochemical studies with
unmodified TatA place the polar C-terminal domain of TatA
clearly into the cytoplasm and thus argue against a significant
trans-membrane-topology of the predicted amphipathic helix
[215]. In addition, this position shows no conservation in the
plant systems arguing against a possible mechanistical function.
Also E. coli TatA D31 appears not generally essential for Tat
transport (Mehner and Brüser, unpublished). TatB components
from proteobacteria and plant thylakoids do have a negatively
charged position in the predicted TMD, but the mutation of this
residue in E. coli TatB did not affect Tat transport, indicating that
this residue is most likely not involved in a coupling of proton
movement to transport [223].
E. coli TatC has several weakly conserved protonatable
residues in its TMDs. At the position E170 also a glutamine
residues can be found and at the E227 position, tryptophan and
phenyl alanine residues are present in orthologs of some phyla.
In E. coli, the TatC E170A and E227A mutants did not render
the functional Tat system remained [233]. The mutation of a
more conserved glutamate residue (E103) in cytoplasmic loop
TatC was reported to inactivate the Tat system [233]. However,
in other assay systems, this mutation did not affect transport
[226]. One conserved aspartate (D211) has been reported to be
essential for Tat transport of TMAO reductase [233]. This
residue is not positioned within a TMD and its mutation does not
affect SDS-sensitivity, indicating that amidases are transported
and that the block of transport is only selective for a subset of Tat
substrates [233].
In summary, the mutagenesis studies on Tat components up
to now rather suggest that no conserved acidic residue is es-
sential for the Tat mechanism, which raises questions about the
idea of a direct coupling of proton flux to transport. If no
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might be sufficient for drive or initiate transport.
8. Concluding remarks
The Sec and Tat systems are protein translocation devices
specialized for the translocation of unfolded and folded pro-
teins, respectively. In order to accommodate their specific
functions, the systems have distinct protein subunit architec-
tures. While the Sec system consists of assembly of a motor
protein and a translocation channel that opens only upon the
initiation of polypeptide translocation, the Tat system consists
of segregated subunits that assemble into an oligomeric pore
upon initiation of translocation. The Sec system treads in a step-
wise manner unfolded polypeptides through a narrow pore
whereby unwanted ion-movements are minimized by providing
a tight seal around the translocating polypeptide. The translocon
dimensions of the Tat system may be variable and dependent on
molecular dimensions of the translocating folded polypeptide.
The translocon becomes activated only upon binding of a
translocation competent folded secretory protein and a subse-
quent recruitment of accessory subunits. Translocation appears
not to occur in multiple steps, but rather in a single step
whereupon the channel closes or dissociates in the individual
subunits. Future structural and mechanistic studies will provide
novel insights in the mechanisms of protein translocation and
the oligomeric state of the active complexes involved. Also, it
will be a major challenge to elucidate how the translocation
processes are coupled to ATP hydrolysis or the PMF, and as to
whether this involves co-transport of protons. While many
aspects of Sec-dependent protein translocation have been
functionally reconstituted with purified translocase compo-
nents, it will remain a main challenge to functionally recons-
titute the Tat system. This will be essential to address the many
remaining mechanistic questions.
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